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© X-ray analyzer. 



© The X-ray analyzer is arranged for conduction 
^ both an X-ray fluorescence analysis and X-ray dif- 
^ fraction comprises an X-ray source (1), an X-ray 
guide tube (2) for collecting X-ray emitted from said 
C^X-ray source (1). a sample table (4) disposed in the 
q vicinity of an end of said X-ray guide tube (2) for 
placing a sample to be subjected to the application 
~of the above described X-rays thereon, and an X-ray 
detector (6). Said sample table (4) and said X-ray 
detector (6) are disposed within the same one vacu- 
um tank (5) and an inside of said X-ray guide tube 
0.(2) is opened into said vacuum tank (5). Preferably, 
UJthe X-ray guide tube (2) comprises at least in the 
range of an X-ray beam outlet a paraboloid of revo- 
lution shape with an essentially cylinder type of an 



outlet end tube portion (23). With the X-ray analyzer 
according to the present invention, the X-ray beams 
are highly parallel to each other, so that is is easy to 
set the conditions for the total reflection of the 
beams incident upon the sample, whereby for exam- 
ple, the so-called total reflection XS-ray fluorescence 
analysis becomes possible. 
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X-RAY ANALYZER 



The present invention relates to an X-ray ana- 
lyzer, in particular to an X-ray analyzer for conduct- 
ing an X-ray fluorescence analysis and X-ray dif- 
fraction measuring method. 

For the X-ray diffraction of minute crystals a 
method, in which a minute-sized pinhole of a pin- 
hole type collimator is utilized, or a method with an 
X-ray guide tube utilizing total reflection of X-rays 
on an inner wall of a fine glass tube have been 
proposed (Bulletin of Japanese Society of Metals, 
24. No. 11, pp. 939-945 (1985)). According to the 
latter, X-rays, are guided by means of a fine glass 
tube with the aim to obtain high brilliancy by 
minute-sized X-rays and collection of X-rays. Fur- 
ther, a paraboloid of re volution collection type X- 
ray guide tube or an ellipsoid of revolution spheroid 
type X-ray guide tube have been proposed by 
simulation with a computer. 

On the other hand, X-ray fluorescence ana- 
lyzers capable of analyzing minute crystals are still 
unknown. 

Thus, it is an object of the present invention to 
provide an X-ray analyzer capable of conducting 
both an X-ray diffraction and an X-ray fluorescence 
analysis of a minute part. 

The above described object can be achieved 
by an X-ray analyzer characterized by comprising 
an X-ray source, an X-ray guide tube for collecting 
X-rays emitted from said X-ray source, a sample 
table disposed in the vicinity of an end of said X- 
ray guide tube for placing a sample to be sub- 
jected to the application of the above described X- 
rays thereon and an X-ray detector, whereby con- 
ducting both the X-ray fluorescence analysis and 
the X-ray diffraction. 

As far as known it has never been recognized 
in the X-ray diffractometry using the above de- 
scribed pinhole type collimator that the brilliancy of 
the X-rays reaching the sample is lowered. The 
reason for this effect is that it is difficult to dispose 
an X-ray incident side end of the collimator adja- 
cent to a focus of a target, which is the X-ray 
source, because only a part of the X-rays radially 
emitted from an X-ray target are incident upon the 
collimator, whereas the X-rays emitted from the 
pinhole are radially diverged, and the irradiation 
range on the sample is unable to converge. This 
has been one of the main reasons why it has been 
difficult or impossible to satisfyingly conduct X-ray 
diffraction of a minute crystal and in a minute 
range. 

In addition, in the case where a fine glass tube 
is used, the problem has occured that even though 
an X-ray guide tube made of glass is produced on 



the basis of said simulation and the convergency of 
the X-rays is evaluated, the X-rays can not be 
collected as in the simulation. 

In addition, in either of the above described 
s cases, the measurement has been conducted in air . 
and the X-ray fluorescence analysis has never 
been taken into consideration, possibly also be- 
cause the X-ray diffraction and .the X-ray fluores- 
cence analysis can not be performed by means of 
w the same one apparatus. 

According to the present invention, an energy 
dispersion type X-ray diffraction, a wavelength dis- 
persion type X-ray diffraction and an X-ray fluores- 
cence analysis can be conducted by one and the 
is same X-ray analyzer. In the case where it is neces- 
sary to detect low-energy fluorescent X-rays, it is 
necessary to dispose the sample table and the X- 
ray detector in the same one vacuum tank and 
keep an inside of the X-ray guide tube under 
20 vacuum, in addition, it is preferred that the above 
described vacuum tank and the inside of the X-ray 
guide tube are continuously under vacuum con- 
. dition. The low-energy fluorescent X-rays are at- 
tenuated so as not to arrive at the detector in air. 
25 In addition, it is preferred that the sample table 

and the X-ray detector are coaxially arranged and 
independently rotatable. In the X-ray fluorescence 
analysis, in order to efficiently detect weak fluores- 
cent X-rays, it is advantageous if the X-ray detector 
30 gets as near as possible to the sample while in the 
X-ray diffraction, in particular the wavelength dis- 
persion tube X-ray diffraction, it is to be preferred 
that the wavelength of the X-rays is fixed, the 
sample and the detector being rotated to measure 
35 the diffraction angle, at which the peak appears 
under the condi tions meeting the diffraction con- 
dition of a Bragg cell, and it is preferred that the X- 
ray detector is disposed apart from the sample so 
as to make the separation of the diffraction angle 
40 easy. Accordingly, it is advantageous if the X-ray 
detector is movable in the radial direction of the 
above described rotation. 

It is further advantageous if the sample table is 
movable independently in at least two axial direc- 
ts tions of the rectangular coordinate system and ro- 
tatable with a direction meeting at right angles with 
an axis of rotation for the sample table so that the 
sample surface may be inclined. Such a rotating 
mechanism can be used for the evaluation of the 
so anisotropy of internal stress by the X-ray diffraction 
measurement method. 

In addition, means for heating the sample are 
preferably provided. For example, the sample table 
is equipped with a resistance heater. Such the 
heating means can be used for the observation of 
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stress and a corresponding reaction process. 

With the X-ray analyzer according to the 
present invention, the X-ray fluorescence analysis 
and the energy dispersion type X-ray diffraction 
method can be conducted in the same one appara- 
tus, so that for example the energy value of the 
diffraction peak from a desired sample can be 
determined from the energy value of the fluores- 
cent X-rays. In addition, the diffraction peak energy 
value can be determined from the energy value of 
the characteristic X-rays of the material of the X- 
ray source detected by elastic scattering or by 
using it together with the energy value of the 
fluorescent X-ray energy value. 

Further, for example the wavelength dispersion 
type X-ray diffraction method can be conducted by 
determining the angle of rotation of the sample 
table and the detector relative to the incident X-ray 
bundle from the energy value obtained by the 
above described method and correcting the angle 
of the rotating system in the apparatus or using this 
corrected angle of rotation as the relative angle of 
rotation of the sample table and the detector. 

With the X-ray analyzer according to the 
present invention, the X-ray beams are highly par- 
allel to each other, so that it is easy to set the 
conditions for the total reflection of the beams 
incident upon the sample, whereby for example, 
the so-called total reflection X-ray fluorescence 
analysis becomes possible. Under these condi- 
tions, the X-rays hardly arrive at the detector ar- 
ranged so as to turn in the direction meeting at 
almost right angles with the sample surface, where- 
by a S/N ratio in the detection of the fluorescent X- 
rays is remarkably improved. 

Preferred embodiments of the X-ray guide tube 
used with the present invention and further details 
of the invention will be described in the following 
with reference to the accompanying drawings of 
which 

Fig. 1 is a block diagram of one preferred 
embodiment of the basic construction according to 
the present invention; 

Fig. 2 is an upside view showing an arrange- 
ment of parts in one preferred embodiment of the 
present invention; 

Fig. 3 is a diagram of an energy spectrum of 
the fluorescent X-rays and the diffraction rays in 
Example 1 (see below); and 

Figs. 4, 5 are partial sectional views showing 
one preferr ed embodiment of an X-ray guide tube. 

The reference numerals used in the drawings 
have the following meaning: 
1 : X-ray apparatus 
2: X-ray guide tube 
3: Goniometer 
4: sample table 



5: sample chamber 
6: detector 
7: laser source 
8: television camera 
5 9: monitor 

10: scintillation counter 
1 1 : mirror 

1 2: evacuating system 
22: focus 

io 23: X-ray divergence-suppressing range 
24: X-ray transmission range 
25: focus 
26: X-rays 

The conventional X-ray guide tube, which has 
/5 been proposed by said simulation, as shown in Fig. 
4(a), (b), collects the X-rays 26 incident upon the 
X-ray guide tube 2 on each focus 22 by the use of 
total reflection on the inner wall thereof with the 
intention to obtain minute and highly brilliant irradi- 
20 ated X-ray beams. However, when a photographic 
film is brougth into direct contact with the emitting 
end of this paraboloid of revolution collection type 
of an X-ray guide tube made of glass having an 
inside diameter of 15 urn and an outside diameter 
25 of 1 mm, the X-rays being emitted from the in- 
cident end of the tube, and the photo-sensitive spot 
on the film being measured, the beams are ex- 
panded to 73 urn, i.e. about five times the actual 
diameter to the opening. In addition, the -X-ray 
30 beams are ex panded to 410 urn in diameter at a 
position of 20 mm from the emitting end which is a 
focal position of the tube. 

The reason why the inside diameter at the 
emitting end is remarkably different from the diam- 
35 eter of the X-rays at the end portion is the fact that 
the X-rays incident upon the inner wall in the 
vicinity of the emitting end at a high angle value of 
the critical angle of total reflection transmit the 
inside of the tube wall to be emitted to the outside, 
40 whereby the diameter of the X-ray beams is sub- 
stantially expanded as compared with the inside 
diameter of the end portion; see Fig. 4(c). 

Accordingly, it is an improvement to select the 
construction so that the X-rays incident upon the 
45 inner wall of the tube at the high angle of the 
critical angle of total reflection may not substan- 
tially leak in the emitting direction in the end por- 
tion range on the X-ray-emitting side of the X-ray 
guide tube. For example, this can be achieved by 
so increasing the wall thickness of the tube in the end 
portion range in comparison with that of other 
parts, or by a change of the inside diameter in the 
end portion range in comparison with that in other 
ranges, or by providing a parallel portion 23 com- 
55 pared to that in other ranges, as shown in Fig. 5(a), 
(b). In this case, a small part of the X-ray transmis- 
sion range 24 may be retained in the end portion 
range, as shown in Fig. 5(b). 
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The use of such the X-ray guide tube leads to 
the possibility of efficiently guiding the X-rays from 
the X-ray source to the end portion of the tube. In 
addition, since this construction effectively prevents 
the X-rays from leaking from the tube wall in the 
end portion on the X-ray emitting side, minute and 
highly brilliant X-ray beams can be obtained. Also 
the parallel X-ray beams of the same extent as the 
synchrotron-emitted light can be obtained. Such a 
guide tube can also be used in other usual X-ray 
analyzers. 

Since the emitting end of the X-ray guide tube 
for guiding the X-rays is arranged in the vicinity of 
the the target of the X-ray source, the X-rays, 
which have been divergently emitted from the tar- 
get focus, can be efficiently kept in the X-ray guide 
tube. In addition, the end portion on the emitting 
side of the X-ray guide tube can be disposed in the 
vicinity of the sample and the X-rays emitted from 
the guide tube pass through with totally reflecting 
with the effect that divergence is reduced. Thus, 
minute X-ray beams having high brilliancy and 
parallelism or minutely converged can be applied 
to a very small portion of the sample. 

The preferred embodiments of the present in- 
vention will be below described with reference to 
Fig. t. 



EXAMPLE 1 

In the present first Example, in order to obtain 
highly brilliant X-rays, a fine focus rotary pair of 
cathode type X-ray apparatus 1 (60 kV, 300 mA) 
was used. A thin glas tube having an inside diam- 
eter at an incident end of 100 urn, an inside 
diameter at an emitting end on a sample side of 3 
urn and a length of 60 cm was used as the X-ray 
guide tube 2 for guiding an X-ray bundle from the 
X-ray source to the sample. The opened end of the 
X-ray guide tube 2 was installed at a distance of 
about 1 cm from the X-ray target focus and the 
other end of the X-ray guide tube 2 was installed at 
a distance of about 1 cm from the sample table 4 
mounted on a goniometer 3. The X-ray source 1, 
the X-ray guide tube 2 and a sample chamber 5 
were connected in this order and the insides there- 
of were evacuated. Diffraction X-rays and fluores- 
cent X-rays were detected by a Li-doped Si semi- 
conductor detector 6 having a relatively large area 
of about 100 mm 2 . The position of the X-ray in- 
cident upon the sample was observed by means of 
a monitor 9 by guiding a laser beam emitted from 
a laser light source 7 so as to be parallel to and 
coaxial with the X-ray guide tube 2 and photog- 
raphing a laser spot incident upon the sample by 
means of a television camera 8. The sample table 
4 and the detector 6 were mounted for coaxial and 



independent rotation. The goniometer 3 for moving 
the sample table 4 could be rotated around X, Y 
and Z axes of rectangular coordinates, so as to 
bring the sample table 4 in any desired tilt position, 

5 or in other words, so as to rotate the sample in a 
plane in addition to the above described rotation. In 
addition, the detector 6 was rotatably supported for 
a radial direction of rotation (Fig. 2). The reason for 
such construction details is that for an X-ray flu- 

io orescence analysis the detector should be ap- 
proached to the sample as close as possible to 
efficiently detect weak fluorescent X-rays while the 
X-ray diffraction the detector should be positioned 
apart from the sample for easy separation of the 

is diffraction angle in order to make possible not only 
the energy dispersion X-ray diffraction but also the 
wavelength dispersion type X-ray diffraction meth- 
od, i.e. the X-ray wavelength is fixed, the sample 
and the detector are rotated, and the diffraction 

20 angle, at which the peak appears is measured 
under the conditions meeting the diffraction con- 
ditions of Bragg. The sample table 4 could be 
heated up to 1000'C by means of a resistance 
heater. 

25 In order to achieve good performance of the 

apparatus according to the present invention, the 
divergence of the X-ray beams from the end por- 
tion of the emitting side of the X-ray guide tube 2 
at a time, when a Mo target was used as the X-ray 

30 source 1, was measured by means of a photo- 
graphic dry plate. It could be confirmed that a spot 
having a diameter of about 4 to 5 urn was ob- 
served on the end portion on the emitting side and 
a spot having a diameter of 7 to 8 urn on the 

35 sample table 4, the divergence angle being 10~ 3 
radians or less, and the X-ray beams having a 
remarkably good parallelity equivalent to the X-rays 
obtained by the light emitted from a synchrotron. 
Besides, the brilliancy of the X-ray beam on the 

40 sample table 4 exhibited a value higher than that 
obtained when a pinhole type collimator having a 
diameter of 3 urn was used (a simulation value by 
the computer) by about three figures. 

Fig. 3 shows the results of measurements of 

45 the fluorescent X-rays and the energy dispersion 
diffraction peak from a range having a diameter of 
about 7 to 8 am of a Si (111) single crystal at room 
temperature. As shown in the drawing, also the Ka 
line of Mo incident upon the detector by the elastic 

so scattering from the Mo target of the X-ray source 
was observed in addition to the fluorescent X-rays 
of Si. In the case where the diffraction peak energy 
was determined using both the fluorescent X-rays 
of Si and the Ka line of Mo, even the diffraction 

55 peak in the high-energy range could be determined 
with high accuracy. In addition, the Gaussian fitting 
. of energy spectrum was applied in the determina- 
tion of the energy value. 
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EXAMPLE 2 

The same construction as in Example 1 except 
that the X-ray apparatus 1 and the system compris- 
ing the X-ray guide tube 2 and the sample cham- 
ber 5 were arranged independent of each other by 
adhering a Be thin plate to an end portion on an 
incident side of the X-ray guide tube 2 for passing 
X-rays therethrough to evacuate them by means of 
separate exhaust apparatus. In Example 1, since 
the X-ray guide tube 2 was connected with the X- 
ray source 1, the vibration generated during the 
time when a rotating pair of cathodes were rotated 
was transmitted to the X-ray guide tube 2, whereby 
also the end portion on the emitting side of the X- 
ray guide tube 2 was vibrating with the result that 
the irradiation range on the sample was expanded. 
In the present Example, since the X-ray guide tube 
2 is not brought into contact with the X-ray source 
system 1, the vibration of the rotating cathode 
portion has' no influence and the X-ray irradiation 
range on the sample is improved, i.e. comes down 
to 6 to 7 urn in diameter. 



EXAMPLE 3 

In the third Example, the X-ray fluorescence 
analysis was improved in sensitivity by the use of 
an apparatus having the same construction as in 
Example 1. As above described, the X-ray beams 
emitted from the X-ray guide tube 2 are remarkably 
high in parallelity. The present Example shows the 
highly sensitive X-ray fluorescence analysis using 
this parallelity. Patterns formed of tungsten (W) 
having surface areas of 1 am 2 , 0.64 am 2 and 0.25 
urn 2 were formed on a Si substrate to produce 
samples having a thickness of W of 500, 100 and 
50 nm, respectively. Provided that the density of W 
is 19,3 g/cm 3 . the weight of the W pattern having a 
surface area of 1 um 2 and a thickness of 500 nm 
amounts to about 9.7 pg and that of one pattern 
having a surface area of 0.25 um 2 and a thickness 
of 50 nm amounts to 0.24 pg. A rotating pair of 
cathodes type Mo target X-ray source was used to 
generate X-rays at 60 kV and 300 mA and emit 
them from the X-ray guide tube. The incident angle 
of the X-rays upon the sample was set at 60* . In 
this case, fluorescent X-rays of W could be de- 
tected to a minimum pattern 2.4 pg. Patterns hay- 
ing a weight of 2.4 pg or less could not be de- 
tected due to noise resulting from the incident X- 
rays. On the other hand, the position, where the X- 
rays are incident upon the sample, was determined 
by means of a scintillation counter 10 shown in Fig. 
1 so that the conditions of total reflection could be 
determined. A semiconductor detector was ar- 
ranged close to the surface, of the Si sub strate as 



far as possible in a direction meeting at right angle 
with the surface of the Si substrate to conduct an 
X-ray fluorescence analysis in the same manner. In 
this case, the background noise resulting from the 
5 incident X-rays was reduced and the fluorescent X- 
rays of an infinitesimal quantity of tungsten of 0.48 
pg could be detected as a result of the effect of the 
disposition of the detector close to the sample. 

w 

EXAMPLE 4 

In the fourth example the construction of the X- 
ray guide tube was investigated. At first, and as a 

/5 basic construction, soda glass tube having an in- 
side diameter of 1 mm and an outside diameter of 
10 mm was drawn under temperature control of 
local heating and drawing speed to produce a 
paraboloid of revolution collection type of an X-ray 

20 guide tube having an inside diameter on the in- 
cident side of the X-rays of 90 um, an inside 
diameter at the end portion on the emitting side of 
5 am and a focal distance positioned at a point of 
20 mm from the end portion. The construction of 

25 this X-ray guide tube is shown in Fig. 4(a). 

Next, after the glass tube was drawn under the 
same conditions as above described, the drawing 
speed was rapidly increased at a point of time 
when the diameter at the end portion amounted to 

30 5 am to add a parallel tube portion 23 of about 2 
mm to an end portion of the paraboloid of revolu- 
tion, as shown in Fig. 5(a). The inside diameter of 
the end portion on the emitting side of this parallel 
tube-like X-ray guide tube was set at about 5 am. 

35 The divergence of the X-ray beams of these two 
pieces of X-ray guide tubes 2 was measured by 
use of photographic film. The former construction 
diverged the beam until a diameter of 23 am at the 
end portion on the emitting side and to 120 am at 

40 the focal portion. On the other hand, the latter 
construction diverged the beam to a diameter of 
merely 7 am at the end portion of the guide tube 2 
and to* 8 am at the focal portion. That is to say. 
with the latter construction according to the inven- 

45 tion, the divergence of the X-rays could be sup- 
pressed, the collection efficiency is highly im- 
proved, and a very minute beam can be obtained. 
In addition, measurements confirmed the brilliancy 
of the X-ray beam at the focal portion with the 

so latter construction, i.e. the brilliancy achieved is 
higher than that resulting from the known construc- 
tion by about 1.5 figures. 

In addition, although soda glass was used for 
the X-ray guide tube 2 in the present Example, it 

55 was found that the convergency of the X-rays could 
be remarkably improved also in the case where the 
X-ray guide tube was formed of other kinds of 
glass, such as pyrex glass and lead glass, and of 
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metals, such as molybdenum. 

According to the present invention, a minute 
perfectly converged X-ray beam showing high bril- 
liancy and parallelity with a diameter of several 
microns can be obtained, so that X-ray diffraction 5 
and X-ray fluorescence analysis for very minute 
ranges of several microns to several ten microns 
level, which have been seemed to be difficult to 
achieve, become possible... In addition, X-ray flu- 
orescence analysis, energy dispersion X-ray dif- to 
fraction and wavelength dispersion X-ray diffraction 
methods can be achieved with only one and the 
same apparatus. 



Claims 

1. An X-ray analyzer conducting both a X-ray 
fluorescence analysis and X-ray diffraction, char- 
acterized by comprising 20 

- an X-ray source (1), 

- an X-ray source guide tube (2) for collecting X- 
ray emitted from said X-ray source (1), 

- a sample table (4) disposed in the vicinity of an 

end of said X-ray guide tube (2) for placing a 25 
sample to be subjected to the application of the 
above described X-rays thereon, and 

- an X-ray detector (6), and 

- said sample table (4) and said X-ray detector (6) 

are disposed within the same one vacuum tank (5) 30 
and an inside of said X-ray guide tube (2) is 
opened into said vacuum tank (5). 

2. An X-ray analyzer as set forth in claim 1, 
characterized in that said sample table (4) and 

said X-ray detector (6) are coaxial ly arranged and 35 
independently rotatable. 

3. An X-ray analyzer as set forth in claim 2. 
characterized in that said X-ray detector (6) is 
movable in the radial direction of said rotation. 

4. An X-ray analyzer as set forth in claim 1 or 40 
3. characterized in that said X-ray detector (6) is 
independently movable in at least two axial direc- 
tions rectangular coordinates. 

5. An X-ray analyzer as set forth in Claim 1, 
characterized in that said X-ray guide tube (2) as 
has a construction that X-rays incident upon an 
inner wall thereof at an angle higher than the criti- 
cal angle of total reflection in a range of an outlet 

end side can be substantially prevent ed from 
leaking. 50 

6. An X-ray analyzer as set forth in claim 5. 
characterized in that in the range of the outlet 
end side of said X-ray guide tube (2) the inside 
diameter thereof is eased in comparison with that 

in other ranges or the inside diameter is not sub- 55 
stantially changed to prevent leakage of said X- 
rays. 



7. An X-ray analyzer as set forth in claim 5. 
characterized in that in the range of the outlet 
end side of said X-ray guide tube (2) the wall 
thickness of the tube is increased in comparison 
with, that in other parts of prevent leakage of said 
X-rays. 

8. An X-ray analyzer as set forth in claims 6 or 
7. characterized in that said X-ray guide tube (2) 
is comprised at least in the range of an X-ray beam 
outlet of a paraboloid of revolution with an essen- 
tially cylinder type of an outlet end tube portion 
(23). 
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